Background: ACUsmart (Medica S.P.A., Italy) is a new-generation, continuous renal replacement therapy (CRRT) machine for critically ill patients with acute kidney injury. We designed a multicenter international pilot study to provide a description of outlines of the ACUsmart system, evaluation aspects of functionality, usability, and feasibility, discriminating reasons of possible treatment's withdrawals or discontinuations and highlighting strong and weak points of the machine. Methods: Data of 23 CRRT (and 11 plasma exchange) treatments were collected from 4 intensive care units. Parameters such as treatment duration, downtime, delivered dose, and number and type of alarms were recorded. The general perception of the machine was quantified through the administration of a survey to each component of the evaluating staff. Results: A total treatment time of 447 h was carried with ACUsmart. Eleven continuous veno-venous hemofiltration, 4 continuous veno-venous hemodialysis , and 8 continuous veno-venous hemodiafiltration were performed. The average percentage of net treatment duration with respect to total treatment duration was 92.37%. The mean prescribed dose and delivered dose were 26.33 and 24.10 mL/kg/h, respectively. In general, the machine was rated by users involved as practical and easy to use, although few components need to be slightly improved. Conclusion: ACUsmart is a new multifunctional machine that meets most of the features required in a fourth-generation CRRT equipment.
The general perception of the machine was quantified through the administration of a survey to each component of the evaluating staff. Results: A total treatment time of 447 h was carried with ACUsmart. Eleven continuous veno-venous hemofiltration, 4 continuous veno-venous hemodialysis , and 8 continuous veno-venous hemodiafiltration were performed. The average percentage of net treatment duration with respect to total treatment duration was 92.37%. The mean prescribed dose and delivered dose were 26.33 and 24.10 mL/kg/h, respectively. In general, the machine was rated by users involved as practical and easy to use, although few components need to be slightly improved. Conclusion: ACUsmart is a new multifunctional machine that meets most of the features required in a fourth-generation CRRT equipment.
Introduction
Worldwide, continuous renal replacement therapy (CRRT) is the most used form of renal support for treating critically ill patients with acute kidney injury [1, 2] . Since the birth of CRRT in 1970 [3] , its delivery has been supplied by specifically dedicated machines [4] . Although the first generations ) of these machines were basically derived from hemodialysis blood modules, in the last decades they have been designed exclusively as self-standing units for CRRT. Continuous arterio-venous hemofiltration presented important advantages in terms of control of circulating volume, hemodynamic stability, and possibility of nutritional support, but issues such as a difficult arterial cannulation and low solute clearances represented serious limitations in its application. In the late 1980s, the development of veno-venous CRRT systems (the second generation) represented a milestone and formed the basis for modern therapies. At that time, CRRT equipment borrowed some components from chronic hemodialysis machines such as blood and ancillary pumps to control volumes of dialysate and/or replacement fluid. The third-generation CRRT machines [5] allowed to reach greater blood-and auxiliary fluidsflow rate capabilities and safety features today recommended in every modern equipment. Finally, the fourth and latest generation of machines for CRRT has been developed [6] [7] [8] . The target points that manufacturers of these newest devices have tried to optimize are an accurate delivery of the prescribed dialysis dose by minimizing therapy downtime and a high safety for the patient (e.g., improvement of fluid balance precision [9] ). Furthermore, easy utilization with a reliable performance of the therapy, optimization of alarms management, decreasing nursing workload, and improvement of user interface [10, 11] are further implementations to be reached.
As the fourth-generation CRRT devices is becoming reality, and in some occasion, it has become already [6, 8] the critical care and nephrology community needs to know how these machines may affect their workload and, especially, their patients.
ACUsmart (Medica S.P.A., Medolla, Modena, Italy; Fig. 1 ) is one of the fourth-generation CRRT devices: it is a multifunctional automatic machine for the delivery, performing, and control of continuous purifying treatment. The use of ACUsmart device provides to restore or replace the kidney functioning in patients affected by acute kidney injury (both isolated and concomitant with multiorgan failure syndrome), sepsis, or others diseases that can influence, temporarily or completely, the kidney function.
A previous article [8] has already described the main technical peculiarities of ACUsmart. However, ACUsmart has not yet been tested in intensive care units (ICUs).
We designed a multicenter international pilot study to provide a description of outlines of the ACUsmart system, evaluation aspects of functionality, usability and feasibility, discriminating reasons of possible treatment's withdrawals or discontinuations, and highlighting strong and weak points of the machine. 
Methods

Study Design and Population
In this prospective multicenter international study, the ACUsmart system has been used in critically ill patients requiring extracorporeal blood purification therapy in the ICU. The local Ethics Committee approvals and signed informed consents were obtained in centers where they were necessary.
The study was carried out in 4 different ICUs: San Bortolo Hospital, Vicenza, Italy; Hospital Hua-Santiago, Vitoria-Gasteiz, Spain; Universitair Ziekenhuis, Brussels, Belgium; and Kings College Hospital, London, UK. Only patients who were expected to stay in the ICU for more than 24 h were considered for the enrollment. Patients less than 16 and those with pregnancy were excluded from this study. No variations on extracorporeal treatments indications and/or technical prescription derived from the inclusion in this protocol.
Staff Training, Machine Usability, and Perception
Users involved in the trial were physicians, nurses, engineers, and technicians belonging to ICUs and nephrology staff of each center. Nurses have been involved upon the decision of the head of the ICU or Nephrology departments of each center and have received a specific training. The training was considered successful when each user was able to perform and manage at least one in vitro simulating treatment. Company support was further available 24 h/7 days during the course of the study.
The general perception of the machine was quantified through the administration of a survey to each component of the evaluating staff. Aspects of functionality, usability, and feasibility during all the therapy phases of CRRT session were evaluated based on a score between 1 and 5. The purpose was to highlight peculiarities, innovative features, and weaker points of ACUsmart.
Data Collection
Treatment data were recorded by ACUsmart device, and the data logs were downloaded and used for analysis. Treatment data consisted of treatment time, downtime, target prescribed and delivered doses, filter life span, and type and number of alarms.
Statistical Analysis
Descriptive data are expressed as mean ± SD. Excel software (Microsoft, Redmond, WA, USA) was used for the analysis.
CRRT and machine setting
Fifteen patients requiring CRRT were recruited in the trial. In total, 23 CRRT filters (23 treatments) were used among the 4 ICUs. Based on study protocol, maximum 2 filters for each patient could be applied and enrolled in the study.
The selected modality and flows for each treatment were individualized and prescribed by physicians based on clinical needs of every single patient. In particular, 11 continuous veno-venous hemofiltration (CVVH), 4 continuous veno-venous hemodialysis (CVVHD), and 8 continuous veno-venous hemodiafiltration (CVVHDF) were performed. Regarding the anticoagulation therapy, regional citrate anticoagulation (available citrate solutions: trisodium citrate [136 mmol/L] and ACDA disodium citrate [112.9 mmol/L]) was used in 6 treatments, heparin in 7 treatments and in 11 treatments no anticoagulant was used, based on specific clinical need of each single patient. Twenty one treatments (for patients whose weight was higher than 50 kg) were performed using the standard tubing set (priming volume = 60 mL) and polysulfone filter Cureflo-180W (Asahi Kasei Kuraray Medical Co., Ltd., Tokyo, Japan), while 2 treatments (for patients whose weight ranged between 15 and 50 kg) were performed using the pediatric tubing set (priming volume = 50 mL) and polysulfone filter Cureflo-130W (Asahi Kasei Kuraray Medical Co., Ltd., Tokyo, Japan). Priming solution in all treatments was 0.9% NaCl without any heparin dose.
CRRT therapies were applied with dialysate and replacement solutions from other manufacturers (B. Braun, Melsungen, Germany and Baxter, Deerfield, IL, USA).
Plasma Exchange and Machine Setting
Six patients were treated in plasma exchange (PE) modality, for a total of 11 plasmafilters (treatments). Dedicated tubing set and plasmafilter (Plasmaflo, Asahi Kasei Medical Co., Ltd., Tokyo, Japan) were used. The treatments were all performed in Kings College Hospital, London, UK.
Results
General Evaluation and User Friendliness of ACUsmart System
In general, ACUsmart is considered a small and compact CRRT machine. Based on scores assigned by the clinical staff involved, it allows for easy handling and movement (3.3/5). Visual and acoustic signals for alarms announcement are clear to perceive, especially in a noisy environment like ICU departments (3.9/5). The display is quite small (2.7/5), but its dimensions are adequate for an easy rotation on the vertical axis (3.5/5). The space of the frontal layout is perceived as well organized, especially during the preparation phase (3.6/5). Peristaltic pumps (3.3/5), pressure sensors (3.5/5), and all other safety devices allocated in the machine (air bubbles detector, blood leak detector, safety automatic clamp, and so on) received good scores, both in terms of positioning and circuit handling. The installation phase of the disposable part of the tubing set on the heater of the machine was considered a bit cumbersome (1.9/5). The automatic adjustment of the blood level in the air removal chamber in the return line, achieved by 2 ultrasound probes, was considered very useful. However, the shape of the disposable chamber and hemodynamics inside it may lead to some stagnation of blood and increase risks of clotting. Dialysate/replacement and effluent scales received a good mark (3.0/5), especially from nurses, because the maximum weight potentially to load (15 kg) was considered practical, potentially reducing the frequency of bags change procedures.
The pediatric tubing set can be used for patients whose weight is higher than 15 kg. Blood flow was accurate for values of 50 mL/min (increments of blood flow rate is 1 from 1 to 30 mL/min, 5 from 30 to 400 mL/min). However, blood and effluent pumps work in a discontinuous way for very low flows (1-30 mL/min).
Also, software and graphic user interface was evaluated and considered immediate, comprehensive (3.2/5), and with a good setup and organization on the screen (3.4/5). Figure 2a shows a screenshot of the display during the treatment. A new function of the machine during the prescription phase, the "dose mode" (Fig. 2b) , deserves a special mention. By setting the desired prescribed dose and other parameters, such as weight and hematocrit of the patient, the machine automatically calculates replacement (pre-or postinfusion) and/or dialysate flows. Furthermore, the cumulative dose value (Fig. 2a) that takes into account the downtime accumulated during the treatment, is continuously displayed and updated: this value can be compared with the prescribed dose and eventually lead to an adjustment of the clinical prescription, following the new concept of "dynamic prescription" proposed by ADQI group in 2016 [12] [13] [14] [15] .
CRRT Setting and Running Time
All patients treated in CRRT with ACUsmart machine had central venous catheter (43% in femoral and 57% in jugular position). Table 1 summarizes the average flows adopted in different CRRT modalities.
Total machine running time in CRRT was 447 h. In particular, 144 h in CVVH, 78 h in CVVHD, 207 h in CV-VHDF, and 18 h in CVVH with pediatric tubing set. Mean total treatment durations were 16: 01 (±06: 37) in CVVH, 19: 32 (±07: 59) in CVVHD, 25: 49 (±19: 37) in CV-VHDF, and 09: 07 (±02: 03) in CVVH with pediatric tubing set. Table 2 , instead, describes the average and maximum treatment duration in function of the anticoagulation therapy. The average percentage of net treatment duration with respect to total treatment duration has been 92.37% that can be considered an optimal value. The mean prescribed dose and delivered dose, which considers only downtime and no other biological reasons (such as protein layer and coagulation phenomena), were 26.33 and 24.10 mL/kg/h, respectively. Based on the prescription method based on dose setting (Fig. 2b) and having the possibility to continuously monitor the current dose displayed on the monitor, the mean downtime and the mean ratio delivered/prescribed doses can be considered very low.
Reasons for CRRT Therapy Interruption
In Tables 3 and 4 , the reasons of therapy interruptions are reported. They are divided in 3 main categories: clinical (e.g., death, metabolic alkalosis), technical, and end of therapy.
During the study, a focus has been carried out on technical reasons of disconnection. In particular, in Table 4 , technical reasons and number of events are reported.
Events causing filter coagulation are entirely related to use of no anticoagulant. Furthermore, disconnections due to air infusion and "critical fluid balance error" are related to an incomplete rupture of neck of replacement bags and can be considered as user errors.
PE Setting and Running Time
All patients treated in PE with ACUsmart machine had central venous catheter (64% in femoral and 36% in jugular position). Total machine running time in PE was 38 h. Mean treatment duration was 03: 28 ± 00: 51.
Discussion
Several fourth-generation CRRT machines have appeared on the market over last 2 years. Although further developments and improvements are planned for the years to come and some of new technologies have not reached their full clinical potential; yet, these new devices are already modifying the scenario of applied technology to critically ill patients. In addition to safety features of the therapy, other aspects have become important in further developments including smooth treatment performance, easy usability, and consequent efficient use of resources, application of a standardized nomenclature [16] [17] [18] , and possibly, a biofeedback-controlled treatment using signals from patients and machines to drive treatment parameters. In literature, there is already some idea of how these devices will evolve from today to the next 10 years [19] .
This multicenter beta trial describes the first use and evaluation of one of these new machines, ACUsmart. Performance, safety, and efficiency of the device in several CRRT sessions and modalities have been assessed.
This trial demonstrated that ACUsmart is able to satisfactorily perform CRRT in all modalities and PE, adopting as anticoagulation therapy both heparin and citrate solutions. Confirming the results already published by our group [8] , the device was able to maintain good fluid balance in all patients treated with CRRT. Mean downtime (7.63% of total time of treatment) can be considered very satisfactory to get the difference between prescribed and delivered dose as low as possible. In comparison with other studies and fourth-generation machines, results were similar [6, 7] . These results can be related to the "dose prescription mode" settable during prescription phase with ACUsmart. During the trial, no safety concern was raised. However, based on comments from users in all centers involved, some suggestions for a further improvement of the machine were identified. In particular, the air removal chamber placed in the return line seems to be the most critical point of the extracorporeal circuit in terms of inducing clotting. Although only one treatment was stopped for this reason, it was frequent to visually find some clots inside the chamber during the therapy. The cylindrical shape of the PVC-plastic chamber does not guarantee adequate fluid dynamics, determining some blood stagnation and low shear rate in the inner wall of the chamber. A revised and renovated design of the chamber has been strongly suggested. Furthermore, feedback of complete trend of net ultrafiltration volume along treatment duration should be provided and developed as software component of the machine.
Conclusion
ACUsmart CRRT machine has been validated as a fourth-generation-renal replacement therapy device. The platform can perform different treatments and operate in various modalities. CRRT has been provided in a safe and efficient way using different modalities and anticoagulation therapies. The reliability and accuracy of the device is confirmed by a strict concordance between delivery and prescription of various techniques of renal replacement therapy. Innovative characteristics, such as the "dose prescription mode," make this platform particularly adherent to the current nomenclature (14-15) and suitable for dynamic prescription and delivery based on the principles of precision CRRT as suggested by the ADQI consensus group (12) .
